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AutismCopy number variations at chromosome 16p11.2 contribute to neurodevelopmental disorders, including autism
spectrum disorder (ASD). This study seeks to improve our understanding of the biological basis of behavioral
phenotypes common in ASD, in particular the prominent and prevalent disruption of spoken language seen in
children with the 16p11.2 BP4–BP5 deletion. We examined the auditory and language white matter pathways
with diffusion MRI in a cohort of 36 pediatric deletion carriers and 45 age-matched controls. Diffusion MR
tractography of the auditory radiations and the arcuate fasciculus was performed to generate tract speciﬁc
measures of white matter microstructure. In both tracts, deletion carriers exhibited signiﬁcantly higher diffusiv-
ity than that of controls. Cross-sectional diffusion parameters in these tracts changed with age with no group
difference in the rate of maturation. Within deletion carriers, the left-hemisphere arcuate fasciculus mean and
radial diffusivities were signiﬁcantly negatively correlated with clinical language ability, but not non-verbal
cognitive ability. Diffusion metrics in the right-hemisphere arcuate fasciculus were not predictive of language
ability. These results provide insight into the link between the 16p11.2 deletion, abnormal auditory and language
pathway structures, and the speciﬁc behavioral deﬁcits that may contribute to neurodevelopmental disorders
such as ASD.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Most studies of autism spectrum disorder (ASD) and other neuro-
psychiatric disorders are performed with a population deﬁned by a
diagnosis based on behavioral testing. However, ASD is a clinically and
etiologically heterogeneous group of disorders, complicating analysesectrum disorder; CELF, clinical
variation; DTI, diffusion tensor
tional anisotropy; HARDI, high
y; RD, radial diffusivity.
logy, Children3s Hospital of
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n),
bia.edu (W.K. Chung),
ds.ucsf.edu (E.H. Sherr).
. This is an open access article underand leading at times to contradictory conclusions (Amaralet al., 2008).
However, by pursuing a “genetics ﬁrst” approach to the study design,
we can more directly examine the underlying mechanisms inﬂuencing
neurobehavioral phenotypes in amore etiologically-homogeneous pop-
ulation. This study examines the structure of auditory and language
neural systems in children with a rare genetic copy number variation
(CNV) that contributes to neurodevelopmental disorders, including
ASD.
Deletion or duplication of the BP4–BP5 segment of chromosome
16p11.2 has been associated with developmental disorders including
language impairments, mild to moderate intellectual disability, schizo-
phrenia, altered body mass index, epilepsy and ASD (Weiss et al.,
2008; Bochukova et al., 2010; Fernandez et al., 2010; Jacquemont
et al., 2011; Rosenfeld et al., 2010; Hanson et al., 2010; Zufferey et al.,
2012). The 16p11.2 CNV is approximately 600 kb and contains 29
genes. Human and mouse data demonstrate that the consequences ofthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Fiber tractography of the arcuate fasciculus from a 16p11.2 deletion carrier (panels A and C) and the auditory radiation from a control subject (panels B and D) are shown. The
arcuate fasciculus images are sagittal and coronal projections of a 3D rendering. The auditory radiation images are axial and coronal slices through the delineated pathway.
51J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57a 16p11.2 deletion are generally more severe than the reciprocal
duplication (Horev et al., 2011; Stefansson et al., 2014). Concordantly,
many of the deletions are acquired de novo, while many of the cases
of duplication are inherited. ASD is present in approximately 15%–25%
of individualswith a 16p11.2 deletion, and approximately 1% of individ-
uals with an ASD diagnosis have a 16p11.2 CNV (Zufferey et al., 2012). A
detailed analysis of the behavioral and cognitive phenotypes in 16p11.2
deletion carriers shows that disruption of language production is one ofTable 1
Comparisons of arcuate fasciculus diffusion metrics in typically developing (TD) control and de
groups. Group comparisonmarginalmeans are reportedwhich factor out age, site, and hemisph
p-values are b 0.05.
Group comparison
TD mean
(±SE)
Deletion mean
(±SE)
Mean diffusivity
10−4 mm2/s
7.34
(±0.031)
7.47
(±0.034)
Fractional anisotropy 0.535
(±0.0039)
0.529
(±0.0042)
Axial diffusivity
10−4 mm2/s
12.1
(±0.048)
12.2
(±0.051)
Radial diffusivity
10−4 mm2/s
4.94
(±0.040)
5.08
(±0.043)the most consistent features (Hanson et al., 2015). We therefore hy-
pothesize that the 16p11.2 deletion results in anatomic abnormalities
of the auditory and language systems, which in turn form the biological
basis for behavioral dysfunctions.
We are also motivated to examine the auditory and language
systems in these children given prior structural and functional ﬁndings
in individuals with ASD. Magnetoencephalography (MEG) of cortical
activity has shown delayed latency of the auditory evoked ﬁeld in ASDletion carriers groups are shown. Slope values were computed from themodel across both
ere. Developmental trajectory andhemispheric asymmetry values are for both groups. Bold
Developmental trajectory Hemispheric
asymmetry
p-Value Slope vs age
(years)
(p-value)
Left–right
(p-value)
b0.005 −0.064
(b0.0001)
−0.038
(b0.05)
0.3 0.0034
(b0.002)
0.019
(b0.001)
0.052 −0.047
(b0.001)
0.16
(b0.001)
b0.02 −0.062
(b0.001)
−0.12
(b0.001)
Table 2
Comparisons of arcuate fasciculus diffusion metrics by hemisphere in typically developing (TD) control and deletion carrier groups are shown. Bold p-values are b 0.05.
Left hemisphere Right hemisphere
TD mean
(±SE)
Deletion mean
(±SE)
p-Value TD mean
(±SE)
Deletion mean
(±SE)
p-Value
Mean diffusivity
10−4 mm2/s
7.32
(±0.035)
7.45
(±0.037)
b0.02 7.35
(±0.034)
7.49
(±0.036)
b0.01
Fractional anisotropy 0.545
(±0.0044)
0.535
(±0.0047)
0.15 0.525
(±0.0042)
0.522
(±0.0045)
0.6
Axial diffusivity
10−4 mm2/s
12.2
(±0.055)
12.3
(±0.059)
0.2 12.0
(±0.058)
12.2
(±0.062)
b0.05
Radial diffusivity
10−4 mm2/s
4.88
(±0.043)
5.03
(±0.047)
b0.02 5.00
(±0.042)
5.14
(±0.045)
b0.05
52 J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57(Roberts et al., 2010). DiffusionMR is sensitive towhitematter architec-
ture and has been used to detect white matter abnormalities in
language and auditory pathways associated with ASD (Nagae et al.,
2012; Lange et al., 2010). A prior report, using hypothesis-independent
tract-based spatial statistics, detected changes in diffusion metrics
globally in the brain in children with 16p11.2 deletions (Owen et al.,
2014). In contrast, in this study, we have used diffusion MR ﬁber
tractography in a hypothesis-driven approach to delineate and quantita-
tively assess two key white matter tracts known to be implicated in lan-
guage processing: the auditory radiation and arcuate fasciculus. Diffusion
tractography enables an entire functional white matter tract to be
spatially selected for measurement. The arcuate fasciculus is integral to
language function and interconnects Broca3s and Wernicke3s areas to
cortices throughout the temporal, parietal and frontal lobes (Catani and
Mesulam, 2008). The auditory radiation is a primary sensory tract
which carries auditory input from the medial geniculate nucleus of the
thalamus to the primary auditory cortex. The auditory radiation inter-
sects other white matter tracts, that renders it difﬁcult to reconstruct
using standard DTI ﬁber tracking methods, necessitating the use of
high angular resolution diffusion imaging (HARDI) ﬁber tracking
(Berman et al., 2013).
This study is one component of the multi-site Simons Variation in
Individuals Project (Simons VIP) which uses a “genetics ﬁrst” approach
to the study of ASD (The Simons VIP Consortium, 2012). Recent studies
from the Simons VIP have observed global changes in brain volume and
white matter microstructure associated with the 16p11.2 deletion and
duplication (Owen et al., 2014; Qureshi et al., 2014). Here, we focus
on the auditory and language systems to test the overall Simons VIP hy-
pothesis that brain structure can be correlated with behavior when
studying a genetically deﬁned group. The ﬁrst analysis in this study
tests for microstructural and developmental changes to the auditory ra-
diation and arcuate fasciculus in children with the 16p11.2 deletion
compared to typically developing controls. The second analysis in this
study correlates structural abnormalities of the arcuate fasciculus with
clinically assessed language ability. By studying a group of subjects
with a deﬁned genetic etiology, we further our understanding of theTable 3
Comparisons of auditory radiation diffusion metrics in typically developing (TD) control and de
groups. Group comparison marginal means are reported which factor out age, site, and hemisp
Group comparison
TD Deletion
Mean diffusivity
10−4 mm2/s
7.51
(±0.034)
7.62
(±0.038)
Fractional anisotropy 0.481
(±0.0056)
0.492
(±0.0063)
Generalized FA 0.484
(±0.0047)
0.494 (±0.0
Axial diffusivity
10−4 mm2/s
11.8
(±0.062)
12.1
(±0.069)
Radial diffusivity
10−4 mm2/s
5.38
(±0.051)
5.40
(±0.057)link between the 16p11.2 deletion, altered language and auditory
white matter, and impaired language ability.
2. Methods
2.1. Participants
Deletion carriers were recruited through the Simons VIP Connect
website (The Simons VIP Consortium, 2012). The 16p11.2 deletion
participants were identiﬁed with clinical chromosome microarrays
and included individuals with the same recurrent ~600 kb deletion
(chr16:29, 652,990–30,199,351; hg19) and did not have other known
genetic diagnoses or pathogenic CNVs. Age-matched neurotypical
participants had a chromosome microarray to rule out abnormal CNVs
at the 16p11.2 locus or elsewhere in the genome. The exclusion criteria
included a psychiatric or neurologic diagnosis in a control participant,
inability to speak English ﬂuently, drug use, or signiﬁcant structural
abnormalities on MRI.
This study included a total of 81 children imaged at either the
Children3s Hospital of Philadelphia (N=29) or the University of Califor-
nia (N = 52). Informed consent was provided and the study was
approved by the institutional review board. A total of 36 pediatric
deletion carriers and 45 controls were studied. The mean age of the
deletion carriers was 11.6 years (standard deviation: 2.3 years; range:
8–16 years) with 10 left-handed, 26 right-handed, 21 males, and 15
females. The mean age of control children was 12.2 years (standard
deviation: 2.9 years; range: 7–17 years) with 8 left-handed, 37 right-
handed, 24 males, and 21 females. There was no signiﬁcant difference
in chronological age between groups (p N 0.1). There was no signiﬁcant
difference in the ratio of handedness or gender between groups (p N 0.2
and p N 0.8, respectively; Fisher3s exact test).
Participants were administered cognitive measures by experienced
and licensed child psychologists. Standardization of measurements
across sites included mandatory training to research reliability on all
measures through in-person training sessions and webinars for all
psychologists, as well as cross-site reliability and maintenance throughletion carrier groups are shown. Slope values were computed from themodel across both
here. Developmental trajectory slopes are for both groups. Bold p-values are b 0.05.
Developmental trajectory
p-Value Slope vs age (years)
(p-value)
b0.05 −0.045
(b0.0001)
0.25 0.0051
(b0.002)
052) 0.14 0.0037
(b0.01)
b0.002 −0.01
(0.5)
0.8 −0.064
(b0.0001)
Fig. 2. Developmental trajectory of the arcuate fasciculus. Mean diffusivity decreases with age in both hemispheres. Deletion carriers exhibit higher mean diffusivity than controls
(p b 0.005). The shaded regions represent the 95th percentile conﬁdence interval of the lines. The slopes of the lines were not signiﬁcantly different between groups. Deletion carriers
with an ASD diagnosis are indicated with asterisk markers.
53J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57monthly conference calls and periodic videotape review. Cognitive and
language measures utilized for the current analyses included the Clini-
cal Evaluation of Language Fundamentals, Fourth Edition (CELF-4), as
a measure of basic language functioning, and the Differential Ability
Scales, 2nd Edition, Special Nonverbal Composite (DAS-II), as ameasure
of nonverbal intellectual functioning (Semel et al., 2003; Elliott, 2007).
2.2. Imaging
Imaging was performed with a 3 T Tim Trio scanner (Siemens
Medical Solutions) with a 32 channel RF head coil. The two imaging
sites each have the same scanner with identical software, pulse
sequences, and head coils. Inter-site equivalency of image data qualityFig. 3. Developmental trajectory of the auditory radiation. Mean diffusivity signiﬁcantly decre
controls (p b 0.05). The shaded regions represent the 95th percentile conﬁdence interval of the
riers with an ASD diagnosis are indicated with asterisk markers.was conﬁrmed by scanning 5 subjects at both sites (Owen et al.,
2013). MR acquisition included diffusion tensor imaging (DTI), high
angular resolution diffusion imaging (HARDI), and high-resolution
structural imaging.
The whole-brain DTI acquisition used 30 diffusion gradient
directions at b = 1000 s/mm2, one b = 0 s/mm2 volume, TR/TE =
10 s/80 ms, voxel size 2 × 2 × 2 mm, and 128 × 128 matrix. The
whole-brain HARDI acquisition included 64 gradient directions at b =
3000 s/mm2, TR/TE = 13.9 s/119 ms, voxel size = 2×2 × 2 mm, and
128×128matrix. DTI acquisition timewas6min andHARDI acquisition
time was 18.2 min. Two b = 0 s/mm2 volumes are included in the
HARDI acquisition. Both HARDI and DTI acquisitions utilized the Sie-
mens 511C works in progress (WIP) sequence with a Stejskal–Tannerases with age in both hemispheres. Deletion carriers exhibit higher mean diffusivity than
lines. The rate of maturation was not signiﬁcantly different between groups. Deletion car-
Table 4
Correlations of diffusionmetricswith language ability asmeasuredwith the CELF-4 are shown for the arcuate fasciculus. Regression coefﬁcients and coefﬁcient standard errors forMD, AD,
and RD are scaled ×10−7 and FA is scaled×10−4. The p-values are reported to one signiﬁcantﬁgure and p-values under 0.05 aremarkedwith an asterisk and in bold.MD:Mean diffusivity;
FA: fractional anisotropy; AD: axial diffusivity; RD: radial diffusivity.
Deletion carriers Controls
Left Right Left Right
Regress. coef.
(standard err.)
p-value
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
MD −5.5
(2.6)
p b 0.05*
1.5
(3.6)
p = 0.7
−3.4
(2.5)
p = 0.2
−0.6
(3.4)
p = 0.9
7.6
(4.0)
p = 0.065
7.8
(4.5)
p = 0.09
2.8
(4.2)
p = 0.5
−2.4
(4.7)
p = 0.6
FA 7.0
(3.8)
p = 0.07
−1.3
(5.1)
p = 0.8
4.9
(4.4)
p = 0.3
−1.2
(6.0)
p = 0.8
0.9
(4.4)
p = 0.8
−1.4
(5.0)
p = 0.8
6.1
(4.3)
p = 0.2
−6.3
(4.7)
p = 0.2
AD −1.1
(4.5)
p = 0.8
3.5
(6.1)
p = 0.6
−0.5
(6.3)
p = 0.9
0.1
(8.5)
p = 0.9
14
(6.0)
p = 0.02*
−16
(7.0)
p = 0.02*
6.7
(6.1)
p = 0.3
−9.9
(6.7)
p = 0.2
RD −8.5
(3.5)
p = 0.02*
1.5
(4.7)
p = 0.8
−6.3
(3.5)
p = 0.08
1.1
(4.7)
p = 0.8
3.0
(4.7)
p = 0.5
−2.9
(5.2)
p = 0.6
−3.7
(4.7)
p = 0.4
03.0
(5.2)
p = 0.6
54 J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57monopolar, spin-echo echo planar sequence, parallel acceleration factor
of 2 with GRAPPA, and axial slices. The DTI data were used for
tractography and measurement of the arcuate fasciculus. The HARDI
data were used for tractography of the auditory radiation and DTI
parameters were measured. The b = 0 s/mm2 volume from the
HARDI dataset was registered to the b = 0 s/mm2 volume from the
DTI dataset using FMRIB3s Linear Image Registration Tool (Jenkinson,
and Smith, 2001). Structural imaging was performed with a T1-
weighted multi-echo 3D magnetization-prepared rapid acquisition
gradient echo (ME-MPRAGE) and TE = 1.64 ms, TR = 2530 ms, TI =
1200 ms, ﬂip angle = 7°, and 1 mm isotropic resolution (van der
Kouwe et al., 2008).Fig. 4. Correlation of diffusion metrics and language ability in the left hemisphere arcuate fasci
plots include variance from covariates which are controlled for in the multivariate regression.2.3. Tractography and measurements
The left and right arcuate fasciculi were deﬁned with deterministic
DTI tractography using coronal starting and target regions of interest
as previously described (Nagaeet al., 2012; Mori et al., 1999). Prior
studies have indicated that a majority of left-handed individuals have
left-hemispheric language dominance (Szaﬂarski et al., 2002; Pujol
et al., 1999). Thus, left-hemispheric language dominance was assumed
in all subjects. Probabilistic tractography using the solid angle q-ball
HARDI reconstruction was used to delineate the auditory radiation
from the thalamus to the auditory cortex (Berman et al., 2008). The
starting and target regions of interest were generated with the whiteculus. Deletion carriers with an ASD diagnosis are indicated with asterisk markers. Scatter
Table 5
Correlations of diffusionmetricswith language ability asmeasuredwith the CELF-4 are shown for the auditory radiation. Regression coefﬁcients and coefﬁcient standard errors forMD, AD,
and RD are scaled ×10−7 and FA is scaled ×10−4. The p-values are reported to one signiﬁcant ﬁgure. The p-values b0.05 are bold and indicatedwith an asterisk. MD:Mean diffusivity; FA:
fractional anisotropy; AD: axial diffusivity; RD: radial diffusivity.
Deletion carriers Controls
Left Right Left Right
Regress. coef.
(standard err.)
p-value
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
CELF core
language index
Non-verbal
IQ
MD −5.2
(3.5)
p = 0.2
3.8
(4.7)
p = 0.4
−5.4
(3.4)
p = 0.1
5.7
(4.6)
p = 0.2
11
(4.7)
p = 0.02*
−2.3
(4.4)
p = 0.6
5.5
(5.4)
p = 0.3
−1.1
(5.0)
p = 0.8
FA 8.9
(7.5)
p = 0.2
−2.8
(10.2)
p = 0.8
2.7
(7.4)
p = 0.7
−3.2
(10.0)
p = 0.7
−0.8
(9.6)
p = 0.9
−2.4
(8.9)
p = 0.8
−6.5
(7.9)
p = 0.4
11.5
(7.3)
p = 0.1
AD 4.1
(8.1)
p = 0.6
−0.2
(11)
p = 0.9
−6.3
(7.3)
p = 0.4
3.2
(9.9)
p = 0.8
15
(9.9)
p = 0.1
−7.5
(9.1)
p = 0.4
−3.4
(9.7)
p = 0.7
−14
(8.9)
p = 0.1
RD −9.7
(6.3)
p = 0.1
5.8
(8.6)
p = 0.5
−4.9
(5.8)
p = 0.4
4.1
(7.9)
p = 0.4
9.3
(7.9)
p = 0.2
0.3
(7.3)
p = 0.9
1.0
(7.3)
p = 0.2
5.2
(6.8)
p = 0.5
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aging (Fischl et al., 1999). As previously shown, a HARDI tractography
approach is necessary for traversing the crossing ﬁbers within the
auditory radiation (Berman et al., 2013). DTI (b = 1000 s/mm2)
measures of fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD), and radial diffusivity (RD) were made within the 3D
region encompassed by the arcuate fasciculus and auditory radiation
(Fig. 1). Radial diffusivity is the mean of the second and third eigen-
values of the diffusion tensor. In addition, the HARDI derived general-
ized fractional anisotropy (GFA) was measured within the auditory
radiation.
2.4. Statistical methods
Statistics were computed using the JMP 11.0 (SAS) software
platform. To examine group differences, a linear mixed model was
used to predict diffusion metrics with group, age, site of MR scan, and
hemisphere as effects and subject as the random variable. The regres-
sion coefﬁcient for hemisphere is reported as hemispheric asymmetry
and represents the difference between the left and right hemisphere
measures. Positive hemispheric asymmetry indicates a greater measure
in the left hemisphere. Group differences were further examined for
each hemisphere separately with a linear regression including group,
age, and site of MR scan as effects.
To examine the relationship between CELF-4 core language index
and diffusion in the left and right arcuate fasciculi, a linear regression
was used with chronological age, non-verbal IQ, site of MR scan, and
CELF-4 score as effects. Non-verbal IQ is included as a covariate to isolate
the relationship between language score and diffusion metrics. The
analysis of CELF-4 core language index was performed separately in
the deletion and controls groups because non-verbal IQ is signiﬁcantly
different between groups by approximately one standard deviation
and thus controlling for non-verbal IQ across both populations simulta-
neously is not possible (Miller and Chapman, 2001).
3. Results
3.1. Population
A total of eight deletion carriers met the diagnostic criteria for ASD.
Among the deletion carriers, other diagnoses included attention deﬁcit
disorder (n = 8), anxiety disorder (n = 5), articulation disorder (n =
23), behavior disorder (n=4), coordination disorder (n=14), enuresis
(n = 8), language disorder (n = 13), learning disorder (n = 3), mood
disorder (n = 2), and intellectual disability (n = 2).The entire cohort of 36 deletion carriers and 45 typically developing
children had DTI of sufﬁcient quality for the group comparison of SLF
measures. A subset of 34 deletion carriers (including 7 with an ASD
diagnosis) and 45 typically developing children had both DTI and
HARDI acquisitions of sufﬁcient quality to be included in the auditory
radiation analysis. In this subset, there was no signiﬁcant group
difference in age (p N 0.05).
Not all subjects successfully completed the entire neuropsychiatric
testing battery. A subset of 31 children with deletions and 44 typically
developing children completed the neuropsychiatric testing and MR
imaging necessary for examining correlation with language function.
The mean CELF-4 core language index was signiﬁcantly higher in the
control group than the deletion group (mean ± SD for controls:
104.8 ± 13.3, deletions: 75.1 ± 20.0, p b 0.001). The deletion carriers
with and without ASD diagnosis did not have signiﬁcantly different
NVIQ (p N 0.7) or CELF-4 (p N 0.3). The non-verbal IQ of the control
group was signiﬁcantly higher than the non-verbal IQ of the deletion
group (mean ± SD for controls: 106.5 ± 12.2, deletions: 91.1 ± 14.3,
p b 0.001). The 25% percentile for the control group non-verbal IQ was
98 and the 75% percentile for the deletion group was 99, indicating a
low degree of overlap between the distributions.
3.2. Group differences
Tables 1 and 2 summarize the group differences in diffusion metrics
for the arcuate fasciculus. The deletion carriers exhibited signiﬁcantly
higher arcuate fasciculus mean diffusivity (p b 0.005, Table 1). The in-
crease in mean diffusivity was driven by an increase in radial diffusivity
(p b 0.02) and also a trend towards increased axial diffusivity (p =
0.052). Group comparison by hemisphere indicates that mean diffusiv-
ity and radial diffusivitywere elevated in both the left and right deletion
carrier hemispheres (Table 2 for p-values). Deletion carrier axial
diffusivity was signiﬁcantly elevated in the right hemisphere
(p b 0.05) but not the left hemisphere.
Table 3 summarizes the groupdifferences in diffusionmetrics for the
auditory radiations. The deletion carriers exhibited signiﬁcantly elevat-
ed mean diffusivity (p b 0.05) which was primarily driven by elevated
axial diffusivity (p b 0.002). Measures of fractional anisotropy and the
HARDI derived generalized FA did not signiﬁcantly differ between
groups.
3.3. Developmental variation
Signiﬁcant correlation of arcuate fasciculus and auditory radiation
diffusion metrics with age were observed in the cross-sectional data
56 J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57and are summarized in Tables 1 and 3. Mean diffusivity and radial
diffusivity signiﬁcantly decreased and measures of anisotropy signiﬁ-
cantly increased duringmaturation for both control and deletion carrier
groups. In both the auditory radiation and arcuate fasciculus, no signif-
icant interaction between age and groupwas observed for any diffusion
metric, indicating no differences in the rates of maturation. Figs 2 and 3
show the developmental variation of both white matter tracts.
3.4. Language ability
In the deletion group, left-hemisphere arcuate fasciculusmeandiffu-
sivity (p b 0.05, R2 = 0.55) and radial diffusivity (p = 0.02, R2 = 0.60)
exhibited a signiﬁcant negative relationship with CELF-4 core language
index, but not non-verbal cognitive ability (Table 4). Left hemisphere
arcuate fasciculus FA showed a trend level relationship with language
in the deletion group (p = 0.07, R2 = 0.45). In controls, left-
hemisphere arcuate fasciculus axial diffusivity was correlated with
CELF-4 core language index and non-verbal IQ (p = 0.02 each, R2 =
0.28). Fig. 4 shows the relationship of DTI parameters with CELF-4 in
both the deletion carrier and control groups. Auditory radiation mean
diffusivity in the control group was predictive of language ability
(p b 0.02, R2 = 0.31, Table 5).
4. Discussion
The results of this study demonstrate alterations to the microstruc-
tural organization of the auditory and language white matter tracts in
children with 16p11.2 deletions. Among deletion carriers, variations in
the microstructure of language pathways were found to be predictive
of language ability, but not non-verbal cognition. As observed in the
scatterplots, no apparent difference was observed between deletion
carriers without an ASD diagnosis and the small number with an ASD
diagnosis. These results provide insight into the links between
16p11.2 deletion, altered development of auditory and language
pathways, and the speciﬁc behavioral deﬁcits which may contribute to
neurodevelopmental disorders such as ASD.
The increase in mean diffusivity among the 16p11.2 deletion
children is indicative of greater water mobility between structures
such asmyelin, axonal membranes, and glial cells. Lower axonal density
or decreased myelin content can contribute to increased mean diffusiv-
ity. A prior tract based spatial statistics (TBSS) study of this 16p11.2
population found increased AD throughout the brain and increased FA
within the corpus callosum, superior corona radiata, and internal
capsule (Owen et al., 2014). The current study similarly observed signif-
icantly elevated AD in the auditory radiation and right arcuate fascicu-
lus. Elevated FA was not observed in either the auditory radiation or
arcuate fasciculus which is consistent with the TBSS study which only
observed FA changes in deep major white matter tracts. The TBSS
study observed no changes in RD which survived multiple comparison
correction. However we did observe signiﬁcantly higher RD in the arcu-
ate fasciculus. However, this apparent discrepancy between the current
and the past study may be attributed to different study goals. The TBSS
method used byOwen et al. is awhole brain voxelwise techniquewhich
requires multiple comparison correction. In this study, we used ﬁber
tracking measures of entire white matter tracts to test speciﬁc hypoth-
eses concerning the language and auditory systems. These large regions
of interest increase measurement sensitivity and enable correlations
with speciﬁc cognitive abilities such as language.
Many prior studies have demonstrated that thematuration of white
matter results in decreasing mean diffusivity (Mukherjee et al., 2001).
In this study, both the control and 16p11.2 groups demonstrated signif-
icant maturational trends as measured by decreasing mean diffusivity
with increasing age. The rates ofmaturationwere not different between
groups. Thus, the child deletion group3s mean diffusivity was elevated
by a constant amount across ages compared to controls. This shift in
diffusivity may be caused by a difference in the timing or rate ofdevelopment during the prenatal or early childhood period. Alterna-
tively, the difference in the 16p11.2 deletion group may represent
permanent alterations to brain architecture that persist through
adulthood.
Diffusion MR was acquired with a 2 mm isotropic resolution which
introduces partial volume effects. The voxels may overlap two adjacent
white matter tracts or contain ﬁbers crossing on the microscopic level.
Both the auditory radiation and arcuate fasciculus contain many white
matter crossings. In regions of crossing ﬁbers, mean diffusivity
decreases but maintains its interpretation as a rotationally invariant
measure of water mobility (Vos et al., 2012). FA, AD, and RD cannot,
however, be interpreted as straightforward markers for a speciﬁc
characteristic ofmicrostructure in the presence of crossingwhitematter
ﬁbers (Wheeler-Kingshott and Cercignani, 2009). However, AD and RD
may still maintain sensitivity to alterations in microstructure and may
also indicate differences in ﬁber crossings, as evidenced by the observed
group differences in this study. The crossing ﬁbers also have implica-
tions for tractography, and aHARDI tractographymethodwas necessary
to delineate the auditory radiation (Berman et al., 2013). The arcuate
fasciculus has extensive connectivity throughout the frontal, parietal,
and temporal lobes. However, DTI tractography is sufﬁcient to identify
the core trunk of the arcuate fasciculus and produce measurements
speciﬁc to the tract of interest.
Microstructure of the left-hemisphere arcuate fasciculus correlated
with language ability in both deletion carriers and controls. MD and
RD of deletion subjects were correlated with language ability but not
general cognitive ability. The abnormally high MD and RD observed in
16p11.2 deletion carriers may drive the relationship between micro-
structure and language ability. The correlation of left arcuate fasciculus
radial diffusivity with language ability is consistent with past reports
of increased MD and RD among subjects with speciﬁc language impair-
ment (Roberts et al., 2014). These results establish a link between
16p11.2 deletion, abnormal development of the language pathways,
and impaired language function. This relationship was not observed in
the right-hemispheric arcuate fasciculus. As seen in Fig. 4, the control
population demonstrated a plateauing of the relationship between
CELF-4 and measures of FA, RD, and MD. This may indicate that the
relationship is non-linear or that language ability (especially above “av-
erage” values) is not modulated by the small differences in tract RD and
MD that exist among the control population. Factors other than tissue
microstructure may primarily modulate language ability among the
control population. Tissue microstructure should be interpreted in the
context of language impairments, not the normal variations in language
ability across the control population. However, AD of control subjects
was correlated with language ability and inversely correlated with
general cognitive ability. Axial diffusivity and radial diffusivity are
sensitive to different properties of tissuemicrostructure and it is possible
that different mechanisms modulate language ability in each group.
Language impairment is only one clinical component which may
contribute to a diagnosis of ASD. It is unknown what combination of
genetic, developmental, and/or environmental factors are necessary
for an ASD diagnosis. Measures of brain phenotypes, such as diffusion
MR, observe one stage in the cascade of mechanisms between genetics
and neuropsychiatric disorder. Multiple factors may degrade white
matter microstructure and result in behavioral dysfunctions. Indeed,
increased mean diffusivity is commonly reported in many diseases
and pathologies. Diffusion MR alone cannot speciﬁcally identify the
mechanism by which the genes of 16p11.2 impact white matter devel-
opment or how 16p11.2 deletion differs from other genetic etiologies of
ASD or language disorder. For this reason, it is important for future
studies to further integrate genetic data with behavioral phenotyping
and examine the inﬂuence of genetics on white matter development.
The changes in brain microstructure observed with diffusion MR in
the 16p11.2 deletion group are similar to changes previously observed
in ASD. Elevated mean diffusivity has been observed in the arcuate fas-
ciculus of individuals with ASD and has been correlated with language
57J.I. Berman et al. / NeuroImage: Clinical 9 (2015) 50–57impairment (Fletcher et al., 2010; Nagae et al., 2012; Roberts et al.,
2014). Abnormal superior temporal gyrus diffusion metrics have also
been detected in ASD, indicating involvement of the auditory system
(Lange et al., 2010). In this study, there was an insufﬁcient number of
deletion carriers with an ASD diagnosis to perform a full comparison
of deletion carriers with and without ASD. However, the similarity
between white matter abnormalities in the 16p11.2 deletion carriers
and individuals with idiopathic ASD suggests a common link between
brain structure and language function.
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